INTRODUCTION
In vertebrates, hematopoiesis shows two successive waves of development, which are known as primitive and definitive hematopoiesis. Primitive hematopoiesis produces myeloid and erythroid cells during the embryonic period (Haar and Ackerman, 1971; Takahashi et al., 1989) . This transitory primitive hematopoiesis is subsequently replaced by a definitive hematopoietic program that gives rise to all blood cell lineages (erythroid, myeloid and lymphoid) during fetal and adult life (Galloway and Zon, 2003) . The constant supply of fresh blood cells by definitive hematopoiesis relies on establishment of hematopoietic stem/progenitor cells (HSPCs), which have self-renewal capacity and can undergo differentiation into all lineages of mature blood cells (Cumano and Godin, 2007) . In mice, HSPCs originate at embryonic day (E) 10.5 in the aorta-gonad-mesonephros (AGM) (Medvinsky and Dzierzak, 1996) and are found in the yolk sac and placenta at E11 (Gekas et al., 2005; Ottersbach and Dzierzak, 2005) . Subsequently, at around E11.5, HSPCs migrate to the liver, which is the main site of their expansion and differentiation during fetal life (Mikkola and Orkin, 2006) . Finally, from E15.5, these cells colonize the bone marrow, which serves as the main hematopoietic organ in adult life (Cheshier et al., 1999) . In the past few decades, a great deal has been learned about the initiation and the differentiation of HSPCs. However, the mechanisms governing the establishment and maintenance of the HSPC pool during ontogeny are less well defined.
Owing to certain embryological and genetic properties, zebrafish have unique advantages for studying vertebrate hematopoiesis. Similar to mice, zebrafish have primitive and definitive waves during the development of hematopoiesis . In zebrafish, HSPCs arise in the ventral wall of the dorsal aorta (VDA), the zebrafish equivalent of the AGM (Bertrand et al., 2010; Kissa and Herbomel, 2010) . Subsequently, these cells migrate to the caudal hematopoietic tissue (CHT) during the fetal stage, and finally colonize the kidney where adult hematopoiesis occurs (Jin et al., 2007; Murayama et al., 2006) . Thus, the VDA, CHT and kidney of the zebrafish are respectively the functional analogs of the AGM, liver and bone marrow in mice (Chen and Zon, 2009) . Using forward genetic analyses, three previously uncharacterized factors [rumba (znf574), haus3 and cpsf1] have recently been found to play an essential role in regulating fetal hematopoiesis in zebrafish (Bolli et al., 2011; Du et al., 2011) , confirming that the employment of an unbiased forward genetic approach in zebrafish can complement our current knowledge of mammals.
Sumoylation is a post-translational modification that participates in various cellular processes, such as regulation of gene transcription, the cell cycle, genomic integrity, stress responses and organogenesis (Hay, 2005) . It involves covalent binding of the small ubiquitin-related modifier (SUMO) to the lysine residues of target proteins via the action of three enzymes (E1, E2 and E3) (Geiss-Friedlander and Melchior, 2007; Mahajan et al., 1997; Matunis et al., 1996) . The E1 activating enzyme, a heterodimer of SAE1 and SAE2, catalyzes the C-terminal adenylation of SUMO, followed by the conjugation of adenylated SUMO to SAE2 via a thioester bond. Subsequently, adenylated SUMO is trans-esterified from SAE2 to the E2 conjugating enzyme (also known as UBC9). Finally, with the help of E3 ligase, SUMO is conjugated to specific protein substrates and becomes conjugated SUMO. The biological importance of the SUMO pathway has been revealed by genetic studies in various animals. Knockdown of ubc-9 in Caenorhabditis elegans results in embryonic arrest after gastrulation or causes multiple defects of larval development (Jones et al., 2002) . In Drosophila, the semushi mutation of the ubc9 gene (lwr -FlyBase) causes multiple defects in anterior segmentation owing to misregulation of bicoid (Epps and Tanda, 1998) . Likewise, morpholino oligonucleotide (MO) knockdown of zygotic ubc9 (ube2i -Zebrafish Information Network) in zebrafish results in defects of the craniofacial cartilages, the brain and the eyes (Nowak and Hammerschmidt, 2006) , and Ubc9-null mice die prior to E7.5 (Nacerddine et al., 2005) . More recently, studies in adult mice with inducible Ubc9 knockout have shown that sumoylation is essential for the survival of stem cells in the intestinal compartment (Demarque et al., 2011) . However, detailed characterization of the influence of sumoylation on the hematopoietic phenotype and the mechanism involved requires further investigation.
Here, we report the isolation and characterization of tango hkz5 , a zebrafish mutant with defects of definitive hematopoiesis. Phenotypic characterization of tango hkz5 mutants revealed severely impaired maintenance of HSPCs in the CHT during fetal hematopoiesis. Positional cloning and rescue assay showed that the hematopoietic defect in tango hkz5 is caused by a mutation of the sae1 gene, which encodes a key component of the E1-activating enzyme. Biochemical analysis revealed that the tango hkz5 mutation leads to synthesis of truncated Sae1, which is less stable and shows weaker binding to Sae2 (Uba2 -Zebrafish Information Network), resulting in systemic reduction of sumoylation. Finally, chimera generation experiments demonstrated that Sae1 acts cellautonomously. Our findings indicate that the sumoylation pathway is crucial for establishment of the HSPC pool during ontogeny in zebrafish.
MATERIALS AND METHODS

Zebrafish maintenance and ethylnitrosourea (ENU) mutagenesis
Zebrafish were maintained and propagated as described (Westerfield, 1995) . AB, WIK, Tg(cd41:eGFP) transgenic line (Lin et al., 2005) and Tg(fli1:eGFP) fish line (Lawson and Weinstein, 2002) were used in this study. ENU (Sigma) mutagenesis was performed as described previously (Mullins et al., 1994; Solnica-Krezel et al., 1994) .
Whole-mount in situ hybridization (WISH)
RNA probes were synthesized using the DIG-RNA Labeling Kit (Roche). WISH was carried out as described previously (Jin et al., 2007) .
Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay
TUNEL assay was carried out using the In Situ Cell Death Detection Kit TMR red (Roche) according to the manufacturer's instructions. For the permeability of the whole-mount embryos, embryos were treated with proteinase K (10 mg/ml, Finnzyme) at room temperature (RT) for 105 minutes and then with acetone:ethanol (1:2) mixture at -20°C for 7 minutes. Images were taken using Zeiss LSM 710 DUO confocal microscope.
Bromodeoxyuridine (BrdU) labeling assay and double immunostaining
In brief, 3 days post-fertilization (dpf) Tg(CD41:eGFP)tango hkz5/hkz5 mutant embryos and siblings were incubated with 10 mM BrdU (Sigma) for 2.5 hours and then fixed in 4% paraformaldehyde (PFA). After dehydration and rehydration, the embryos were treated with Proteinase K (10 mg/ml, Finnzyme) for 30 minutes at RT and re-fixed in 4% PFA for 30 minutes. After blocking with PBDT (PBS with 0.1% Triton X-100, 1% bovine serum albumen and 1% DMSO), the embryos were stained with goat anti-GFP (Abcam) primary antibody and Alexa Fluor 488-conjugated anti-goat secondary antibodies (Invitrogen). The embryos were fixed again, permeated with Proteinase K for the second time, and re-fixed in 4% PFA. The embryos were then treated with 2 N HCl for 1 hour at RT and stained with anti-BrdU (Roche) and anti-GFP (Abcam) antibodies. Finally, Alexa Fluor 555-conjugated anti-mouse and Alexa Fluor 488-conjugated anti-goat antibodies (Invitrogen) were used as secondary antibodies to visualize the signals. Images were taken using Zeiss LSM 710 DUO laser scanning confocal microscope.
Positional cloning
Positional cloning was performed as described (Bahary et al., 2004) . After screening 1200 tango hkz5/hkz5 mutant embryos, the tango hkz5 mutation was mapped to a 130 kb region on chromosome 15 flanked by two simple sequence length polymorphism (SSLP) markers, zk31M14-204059 and zk31M14-68922. Subsequent analysis with single-nucleotide polymorphisms (SNPs) further defined the mutation to a 55 kb region between zk31M14-204059 and zgc154093 SNPs. Direct sequencing of the coding region of the candidate genes identified the tango hkz5 mutation. The primers used for mapping were: z11320 (5Ј-ACAGGGTAAGCA -GGGAAGCT-3Ј, 5Ј-GCAGAGTCCTTCTGTTTTCTCA-3Ј); z470 (5Ј-GAGAGCCGAGGTGTGTATGC-3Ј, 5Ј-CACTGCCTATTACACCACT -GATG-3Ј); zk31M14-204059 (5Ј-CAGGAACACTCGCATCAAGA-3Ј, 5Ј-GCTGCTCTCCTGACTCCACT-3Ј); zk31M14-68922 (5Ј-TGCATT -TTGCCATATATAGATCATT-3Ј, 5Ј-AGCCAGGTACCCTGGATTAT-3Ј). The primers used for sequencing zgc154093 SNP were: 5Ј-GGAT -TGGGAAATGTCACGAG-3Ј, 5Ј-GCTCTGTCAACCAGGAGGAG-3Ј. Mutant genotyping was carried out by restriction fragment length polymorphism analysis using enzyme HpyCH4V (NEB).
Plasmid construction and rescue experiment
The sae1 coding sequence was amplified using primers (5Ј-CGGG -ATCCCATCTCCTGCGTCATCATTG-3Ј, 5Ј-CCGCTCGAGAGTTGAC -GTGTGGCAAACAG-3Ј) and the PCR product was inserted into the pCS2+ vector. The mutant sae1 construct was generated from sae1 wildtype plasmid by overlapping PCR. After linearization by Not1, wild-type sae1 or mutant sae1 mRNA was synthesized in vitro using Ambion's mMessage mMachine Transcription Kit. Synthesized RNA (~600 pg) was finally injected into each embryo at the 1-cell stage.
Morpholino oligonucleotide (MO) knockdown
The ubc9 MO (5Ј-TCGACTCAGAGCAATGCCAGACATG-3Ј) (Gene Tools) was designed as described (Nowak and Hammerschmidt, 2006) . ubc9 MO (~1 pmol) was injected into each wild-type embryo at the 1-cell stage.
Fish protein extraction and western blotting analysis
tango hkz5/hkz5 mutants or wild-type siblings (6 dpf), 20 for each pool, were homogenized in 40 l SDS sample buffer (63 mM Tris-HCl, pH 6.8, 10% glycerol, 5% -mercaptoethanol, 3.5% sodium dodecyl sulfate) and boiled for 5 minutes. After centrifugation at 13,000 rpm (15,700 g) for 10 minutes, supernatant (10 l) was loaded for immunoblotting as described previously (Qian et al., 2007) . Anti-SUMO-1 (C-terminal) antibody (Sigma, S5446) and anti-SUMO2/3 antibody (Sigma, SAB3500488) were used as the primary antibodies and peroxidase-conjugated donkey antirabbit IgG (GE, NA934) was used as the secondary antibody.
Protein expression analysis in 293T cell line
293T cells were cultured in DMEM medium (Gibco) with 10% fetal bovine serum and penicillin-streptomycin (1:100; Invitrogen). Flag-tagged wild-type or mutant sae1 plasmid (0.1 g) was transfected into 293T cells grown in a 6-well plate using Lipofectamine (Invitrogen) according to the manufacturer's instructions. At 24 hours post-transfection, cells were collected and lysed in lysis buffer (150 mM NaCl, 10% glycerol, 50 mM HEPES, pH 7.6, 1.5 mM MgCl 2 , 0.1 M NaF, 1 mm EGTA, 1% Triton X-100, protease inhibitor cocktail). For each sample, 5 g of total protein lysate was loaded. Anti-Flag (Sigma, F7425) antibody was used to detect the Flag-tagged Sae1.
Quantitative RT-PCR of sae1 transcript was carried out with total RNA extracted from transfected 239T cells using the RNeasy Mini Kit (Qiagen). Reverse transcription was performed according to the SuperScript III FirstStrand Synthesis System (Invitrogen). The primers used for real time PCR were: 5Ј-CTGTGGATGCAGATGGTCAG-3Ј, 5Ј-TCCACTGGTTCA -GTGTCTGC-3Ј.
Co-immunoprecipitation assay
The coding sequence of zebrafish sae2 was cloned into pCS2+ vector containing a 6ϫMyc-tag using primers (5Ј-GGAATTCAGCAGAA -CTAGTCGGTCCTCT-3Ј, 5Ј-ACGCGTCGACCTAGTCTAGAGCGA -TGATGT-3Ј). pCS2+-Myc-sae2 (0.1 g) together with 0.1 g of either wild-type or mutant pCS2+-Flag-sae1 was co-transfected into 293T cells grown in a 6-well plate. At 24 hours post-transfection, cells were lysed with lysis buffer and centrifuged at 13,000 rpm (15,700 g) for 5 minutes. The supernatants were collected and pre-cleared with 50 l Protein A/G PLUS-Agarose (Santa Cruz) at 4°C for 1 hour. After removing the beads, the supernatants were mixed with 5 g anti-Myc antibody (Santa Cruz, 9E10) at 4°C for 1 hour, followed by incubation with 50 l Protein A/G PLUS-Agarose beads at 4°C for 2 hours. After extensive washing (four times, 15 minutes each), the beads were boiled with 25 l of 2ϫLaemmli's buffer and 10 l of the boiled supernatants were used for western blotting. Flag-Sae1 and Myc-Sae2 were detected using rabbit anti-Flag antibody (Sigma, F7425) and mouse anti-Myc antibody (Santa Cruz, 9E10), respectively.
Chimera generation experiment
Tetramethylrhodamine-labeled dextran (5%; Invitrogen, 10,000 MW) was injected into the donor embryos carrying the CD41:eGFP transgene at the one-cell stage. After incubation at 28.5°C for 3 hours, ~30 donor cells were transplanted into the non-transgenic recipient at the 1000-cell stage. The recipients were fixed at 5 dpf, and finally stained with anti-GFP and antiHbae1 (e1-globin) antibodies (Du et al., 2011) . Images were taken using a Zeiss LSM 510 META laser scanning confocal microscope.
Statistical analysis
Data were analyzed statistically using the two-tailed Student's t-test. Results were considered to be significant if P<0.05. Values represent mean ± s.e.m.
RESULTS
tango
hkz5 mutants show defects of definitive hematopoiesis As part of our investigations into the genetic network that controls definitive hematopoiesis in vertebrates, we carried out ENU-based forward genetic screening in zebrafish to identify mutants with defects of definitive hematopoiesis. By assessing the thymic expression of recombination-activating gene 1 (rag1) (Willett et al., 1997) , a dozen rag1-deficient mutants were isolated, and tango hkz5 (Fig. 1A,B) was one of these mutants selected for further investigation. Homozygous tango hkz5 (tango hkz5/hkz5 ) embryos were morphologically indistinguishable from their siblings at an early stage (data not shown). They had an intact vascular system and normal circulation of blood (data not shown). This was further confirmed by the normal expression of hbae1 (an erythroid lineage marker) (Brownlie et al., 2003) , lyz (a myeloid lineage marker) (Liu and Wen, 2002) and flk1 (an endothelial cell marker; kdrlZebrafish Information Network) (Fouquet et al., 1997) in tango hkz5/hkz5 embryos at 25 hours post-fertilization (hpf) (Fig. 1C-H) . However, from 5 dpf onwards, tango hkz5/hkz5 embryos became slimmer and less active than normal embryos, and eventually died at ~10 dpf (data not shown), presumably owing to overwhelming developmental defects.
The lack of T lymphocytes (shown by the absence of rag1 expression in the thymus), a lineage of definitive origin, prompted us to investigate whether other blood cell lineages related to definitive hematopoiesis were also affected in tango hkz5 mutants. Whole-mount in situ hybridization (WISH) analysis was employed to examine the expression of hbae1 and lyz at 5 dpf and 6 dpf, which is when definitive erythroid and myeloid cells emerge in the CHT and the kidney (Brownlie et al., 2003; Liu and Wen, 2002) . As shown in Fig. 1 , strong expression of hbae1 and lyz was detected in the CHT and kidney of the control sibling embryos (Fig. 1I,K) . By contrast, expression of both markers was considerably reduced in tango hkz5/hkz5 embryos (Fig. 1J,L) . Thus, in addition to the lymphoid lineage, the definitive erythroid and myeloid lineages are also impaired in tango hkz5 mutants.
The hematopoietic defect in tango hkz5 mutants is caused by the depletion of HSPCs in the CHT
The impairment of all three major definitive hematopoietic lineages suggested that tango hkz5 mutants might have a block in the early phase of definitive hematopoiesis, perhaps affecting the development of HSPCs. Previous studies have shown that the development of HSPCs in zebrafish can be followed by the expression of the HSPC-related gene cmyb (Jin et al., 2007; Murayama et al., 2006) . We therefore examined the generation of HSPCs in the AGM and their subsequent colonization of the CHT, thymus and kidney by monitoring cmyb expression in tango hkz5/hkz5 embryos at various stages of development. We found that the generation of HSPCs in the AGM and their subsequent migration to the CHT were unaffected by the tango hkz5 mutation, as indicated by normal cmyb expression in the AGM of tango hkz5/hkz5 embryos at 36 hpf ( Fig. 2A,B ) and in the CHT at 55 hpf (Fig. 2C,D) . However, cmyb expression in the CHT of tango hkz5/hkz5 embryos was markedly reduced from 3 dpf onwards (Fig. 2E,F) and was barely detectable by 5 dpf (Fig. 2G-J) . Likewise, cmyb expression could not be detected in the thymus and kidney (Fig. 2G-J) . Similar 76E-10, n25) (supplementary material Fig.  S1A ,B,E), and by 5 dpf CD41-eGFP + cells were rarely seen in the CHT of the mutant embryos (supplementary material Fig. S1C,D) .
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Two possible mechanisms could account for loss of HSPCs from the CHT of tango hkz5 mutants: enhanced cell death or reduced cell proliferation/cell cycle arrest. To distinguish between these two possibilities, the TUNEL assay was employed to examine the death of HSPCs at 3 dpf when reduction of CD41-eGFP + cells in the CHT of Tg(CD41:eGFP)tango hkz5/hkz5 mutant embryos became apparent (supplementary material Fig. S1 ). Double staining revealed that the percentage of TUNEL + /CD41-eGFP + cells in the CHT was significantly increased from 0.2% in siblings to 1.2% in Tg(CD41:eGFP)tango hkz5/hkz5 mutant embryos (Fig. 3A-E Fig. 3G-N tango hkz5 mutation was located on chromosome 15 and finemapping analysis further localized the mutation to a 55 kb region containing four genes: SUMO1-activating enzyme subunit 1 (sae1), LOC557823, bbc3 and zgc154093 (Fig. 4A) . Sequencing of the coding regions of these four genes identified a single nonsense mutation in exon 7 of the sae1 gene (Fig. 4B) , which encodes a key subunit of the E1 enzyme required for sumoylation. Protein sequence alignment revealed that Sae1 is highly conserved among humans, mice, rats and zebrafish (supplementary material Fig. S2) . The mutation creates a stop codon at amino acid Q273 (Q273X), resulting in the synthesis of a truncated Sae1 protein (Sae1) lacking the C-terminal 76 amino acids. Biochemical analysis showed that this truncated Sae1 protein was unstable because its expression level was significantly lower than that of the wild-type protein, despite their similar RNA levels shown by real-time PCR after transfection into 293T cells (Fig. 4C) . Moreover, coimmunoprecipitation assay showed that the binding of truncated Sae1 with Sae2 was also reduced (Fig. 4D) . These data suggest that the Q273X mutation of sae1 disrupts the sumoylation pathway by both reducing the stability of Sae1 protein and affecting its interaction with Sae2.
To confirm that the hematopoiesis defect in tango hkz5 mutants was indeed caused by the loss of Sae1 function, we carried out rescue experiments with in vitro synthesized wild-type sae1 mRNA or mutant sae1 mRNA. Injection of wild-type sae1 mRNA into the tango hkz5/hkz5 mutant embryos partially restored fetal hematopoiesis as shown by the reappearance of cmyb expression in the CHT ( Fig. 4E-G; 28/45 ). By contrast, injection of mutant sae1 RNA (0/25) did not restore cmyb expression (Fig. 4E,F,H) . Taken together, these results demonstrate that the Q273X mutation in the sae1 gene did indeed cause a definitive hematopoietic defect in tango hkz5 mutants.
The sumoylation pathway is disrupted by the Sae1 mutation in tango hkz5 mutants As Sae1 is a key component of the sumoylation pathway, we hypothesized that the hematopoietic phenotype of tango hkz5 mutants was probably related to impaired protein sumoylation. To support 4325 RESEARCH ARTICLE Sae1 regulates hematopoiesis The expression level of the mutant Sae1 protein was much lower than that of wild-type Sae1. Tubulin was used as a loading control. Real-time PCR showed the similar RNA levels of wild-type and mutant forms of sae1 relative to Gapdh (P0.3, n3) . (D)Co-immunoprecipitation assay. 293T cells were co-transfected with either pCS2+-Flag-wt sae1/pCS2+-Myc-sae2, or fivefold pCS2+-Flag-mut sae1/pCS2+-Myc-sae2. Transfection with pCS2+-Flag-wt sae1/pCS2+-Myc was used as a negative control. The input showed the similar expression levels of either Flag-Sae1 or Myc-Sae2 between wild type and mutant. Quantification showed that the co-immunoprecipitated mutant Sae1 was decreased by >50% compared with wild-type Sae1. The data were reproducible in two independent experiments. (E-H)WISH shows the cmyb expression in the CHT of wild-type siblings (E), tango hkz5/hkz5 embryos (F), tango hkz5/hkz5 embryos injected with sae1 wild-type mRNA (G), and tango hkz5/hkz5 embryos injected with the mutant sae1 mRNA (H). Error bars represent s.e.m.
this hypothesis, we first knocked down the expression of zygotic ubc9 with morpholino oligonucleotides (MOs) (Corey and Abrams, 2001 ) to determine whether suppression of another key factor in the sumoylation pathway would cause a similar hematopoietic phenotype to that of tango hkz5 . As expected, primitive hematopoiesis was not affected by Ubc9 knockdown (Fig. 5A-D) . Neither was the initiation of HSPCs in the VDA and their subsequent mobilization to the CHT (Fig. 5A-F) . However, HSPCs were not sustained in the CHT, as indicated by reduced cmyb expression in 3 dpf and 4 dpf ubc9 MO knockdown embryos (morphants) (Fig. 5G-J) . The similar hematopoietic defects in tango hkz5 mutants and ubc9 morphants suggest that the tango hkz5 phenotype is probably caused by suppression of sumoylation.
To support the notion that the sumoylation pathway was defective in tango hkz5 mutants, we extracted total protein from 6 dpf tango hkz5/hkz5 embryos and determined the levels of free and conjugated SUMOs. There are three SUMO paralogs in zebrafish, SUMO1, SUMO2 and SUMO3, which exist as both free and conjugated forms. We reasoned that the defect of sumoylation in tango hkz5 mutants would lead to a decrease of conjugated SUMOs and an increase of free SUMOs. Western blotting with anti-SUMO1 and anti-SUMO2/3 antibodies showed that the level of free SUMO1 and SUMO2/3 was increased in tango hkz5/hkz5 embryos. As anticipated, SUMO2/3 conjugates were found to be reduced in tango hkz5/hkz5 embryos compared with their siblings, although the change of SUMO1 conjugates was minimal (Fig. 5K-N) . This result is similar to that observed in inducible Ubc9 knockout mice (Demarque et al., 2011) . From these observations, we conclude that sumoylation pathway is indeed severely impaired in tango hkz5 mutants.
Sae1 is cell-autonomously required for the maintenance of HSPCs in the CHT
To explore how sae1 affects the maintenance of HSPCs in the CHT, we first examined the temporal and spatial expression pattern of sae1 during zebrafish embryogenesis. WISH analysis revealed that sae1 was widely distributed in the embryonic body, and was particularly prominent in the brain (supplementary material Fig.  S3 ). The ubiquitous expression of sae1 raised the question of whether the hematopoietic defects in tango hkz5 mutants were caused by a cell-autonomous or non-cell-autonomous effect. To clarify these two possibilities, chimera generation experiments were performed with Tg(CD41:eGFP) transgenic zebrafish, in which HSPCs are preferentially labeled by eGFP (Lin et al., 2005) . We first injected wild-type cells from 3 hpf Tg(CD41:eGFP) transgenic embryos into either 3 hpf tango hkz5/hkz5 embryos or 3 hpf sibling embryos, and the contribution of donor cells to HSPCs was scored at 5 dpf by calculating the number of GFP-positive cells in the CHT. The result showed that ~13.7% (10/73) of the 5 dpf tango hkz5/hkz5 hosts contained CD41-eGFP + wild-type donor cells in the CHT, a proportion comparable to that in sibling hosts (15.1%; 36/238 embryos) ( Fig. 6A,B ; Table 1 ). The contribution of
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Development 139 (23) wild-type donor cells to the CD41-eGFP + cells in the chimera hosts was also comparable between sibling (0.2-15.4%) and tango hkz5/hkz5 hosts (0.8-36.8%) ( Table 1 ). The slightly higher percentage for wild type into mutant hosts is possibly due to a compensation effect, in which the functional niche in the mutants might impose a positive feedback loop when healthy donors successfully dock into their niche. Moreover, the implanted donor CD41-eGFP + cells were capable of differentiating into erythrocytes, as shown by co-immunostaining with Hbae1 (Fig.  6E,F,I ,J), demonstrating that the microenvironment in the mutant CHT is capable of supporting the growth and differentiation of wild-type hematopoietic cells. Consistent with this notion, anti-GFP staining of Tg(fli1:eGFP)tango hkz5 mutants, in which the vascular structure is labeled by GFP expression (Lawson and Weinstein, 2002) , revealed intact vascular plexuses in the CHT (supplementary material Fig. S4 ). Collectively, these results strongly suggest that the defect of hematopoiesis in tango hkz5 mutants is probably caused by a cell-autonomous effect. To confirm this, cells derived from Tg(cd41:eGFP)tango hkz5/hkz5 embryos or their siblings were transplanted into wild-type hosts. The result showed that ~9.6% (20/209) of the wild-type recipients showed engraftment of CD41-eGFP + sibling cells capable of differentiating into the erythroid lineage (Fig. 6C ,G,K; Table 1 ). However, none of the 59 wild-type recipients showed engraftment of mutant donor cells (Fig. 6D,H Table S1 ). Taken together, these bi-directional transplantation assays demonstrate that Sae1 is cell-autonomously required for the maintenance of HSPCs in the CHT.
DISCUSSION
In this study, we identified a zebrafish mutant with defects of definitive hematopoiesis that were particularly related to maintenance of HSPCs in the CHT. This phenotype was caused by a nonsense mutation of the sae1 gene, a subunit of E1 enzyme involved in the sumoylation of proteins. Further investigation revealed that the sae1 gene product was cell-autonomously required for the development of HSPCs during fetal hematopoiesis.
Consistent with the conservation of the sumoylation pathway, SAE1 protein shows a high degree of similarity among various species, including humans, mice, rats and zebrafish. The structure of human SAE1 has been determined and it consists of ten -sheets and eleven -helixes (Lois and Lima, 2005) . Several regions and amino acids essential for SAE1 activity have been identified 4327 RESEARCH ARTICLE Sae1 regulates hematopoiesis through the study of various SAE1 mutants (Schulman and Harper, 2009) . The N-terminal amino acids 1-27 and the RLW motif (Arg21, Arg24, Leu25 and Trp26 side chains) of SAE1 are required for SAE1/SAE2 adenylation (Olsen et al., 2010) . However, the domain mediating the physical interaction between SAE1 and SAE2 to form the functional E1 enzyme has not been defined. Our study showing that the truncated Sae1 protein lacking the Cterminal 76 amino acids showed a decrease of binding to Sae2, indicating that the C-terminal region, which forms two -sheets and two -helixes (Lois and Lima, 2005) , is involved in assembly of the Sae1/Sae2 heterodimer. WISH analysis revealed that sae1 expression is not restricted to hematopoietic tissues and is ubiquitously expressed in many tissues, showing that Sae1 acts as a systemic sumoylation factor. However, tango hkz5/hkz5 mutant embryos showed no obvious morphological abnormalities during early development. The lack of more widespread developmental defects during early embryogenesis of tango hkz5/hkz5 embryos may have been due to the influence of maternal sae1 mRNA. In fact, as the tango hkz5/hkz5 embryos continued to develop to later stages, various abnormalities began to emerge, including defects of the CNS due to massive cell death in the brain, eyes and spinal cord (data not shown). Notably, both the hematopoietic tissue and CNS show rapid proliferation during early stage of development, suggesting that the sumoylation pathway might be more important for actively proliferating cells.
The hematopoietic defect in tango hkz5 mutants is caused by suppression of sumoylation pathway, as indicated by the increase of free SUMOs and decrease of conjugated SUMOs in homozygous tango hkz5/hkz5 embryos. Given that the failure of fetal hematopoiesis in tango hkz5 mutants is attributable to the combined effect of accelerated apoptosis and diminished proliferation of HSPCs, we speculate that the downstream targets affected by the Sae1 Q273X mutation are likely to be those involved in apoptosis and/or cell cycle regulation. Among various potential targets, p53, an essential regulator of apoptosis and cell proliferation, appears to be a candidate because sumoylation of p53 has been reported to modulate its transcription activity (Gostissa et al., 1999; Rodriguez et al., 1999; Schmidt and Müller, 2002; Wu and Chiang, 2009) . Another subclass of molecules potentially affected by the Sae1 Q273X mutation is those involved in DNA replication, including origin recognition complex 3, topoisomerase 1 and DNA replication helicase 2, as their activity is also modulated by sumoylation (Makhnevych et al., 2009) . Further investigation will be required to identify the underlying molecular mechanism.
Finally, investigation of sumoylation in tango hkz5 mutants demonstrates an increase of free SUMOs (SUMO1 and SUMO2/3) and a decrease of SUMO2/3 conjugates, although SUMO1 conjugates were almost unchanged. This observation is consistent with the results from a study of Ubc9 knockout mice, which revealed an increase of free SUMO1 and a decrease of conjugated SUMO2, but no change of SUMO1-modified substrates, in Ubc9-deficient embryonic fibroblasts (Demarque et al., 2011) . Collectively, the results obtained in Ubc9 knockout mice and our current findings in zebrafish suggest that suppression of either Sae1 or E2 activity affects SUMO2 conjugation more profoundly than it affects SUMO1 conjugation.
